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Abstract—In general, power converters are operated in
closed-loop systems, and any characteristic variations in one com-
ponent will simultaneously alter the operating point of other
components, resulting in a shift in overall reliability profile. This
interdependence makes the reliability of a converter a complex
function of time and operating conditions; therefore, the appli-
cation may demand periodic replacement of converters to avoid
downtime and maintenance cost. By knowing the present state of
health and the remaining life of a power converter, it is possible to
reduce the maintenance cost for expensive high-power converters.
This paper presents a reliability analysis for a boost converter,
although this method could be used to any power converter being
operated using closed-loop controls. Through the conducted study,
it is revealed that the reliability of a boost converter having control
loops degrades with time, and this paper presents a method to
calculate time-varying reliability of a boost converter as a function
of characteristic variations in different components in the circuit.
In addition, the effects of operating and ambient conditions have
been included in the reliability model as well. It was found that any
increase in the ON-state resistance of the MOSFET or equivalent
series resistance of the output capacitor decreases the overall reli-
ability of the converter. However, any variation in the capacitance
has a more complex impact on the converter’s reliability. This
paper is a step forward to the power-converter reliability analysis
because the cumulative effect of multiple degraded components
has been considered in the reliability model.
Index Terms—Closed-loop systems, condition monitoring, fail-
ure analysis, reliability theory, switch-mode dc–dc converters.
I. INTRODUCTION
THE reliability and failure study of individual componentsused in power converters has been well conducted and can
be found in literature [1]–[4]. A bathtub curve of the failure
rate is the most accepted model for any electronic component
[5], [6], and this curve is shown in Fig. 1(a). The infant
failure of the components is generally linked to poor design,
poor installation, or misapplication, and a constant failure rate
defines the useful lifetime of the component. However, several
disagreements with the bathtub curve have been presented in
Manuscript received October 30, 2013; revised April 10, 2014; accepted
April 13, 2014. Date of publication April 23, 2014; date of current version
November 18, 2014. Paper 2013-IPCC-864.R1, presented at the 2013 IEEE
Energy Conversion Congress and Exposition, Denver, CO, USA, September
16–20, and approved for publication in the IEEE TRANSACTIONS ON INDUS-
TRY APPLICATIONS by the Industrial Power Converter Committee of the IEEE
Industry Applications Society.
The authors are with the Power Engineering and Automation Research
Laboratory, Department of Electrical and Computer Engineering, University of
Utah, Salt Lake City, UT 84112-9206 USA (e-mail: khorshed.alam@utah.edu;
faisal.khan@utah.edu).
Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TIA.2014.2319587
Fig. 1. (a) Bathtub curve for the component failure rate. (b) Cost analysis for
different maintenance schemes applied to electric pumps [5]–[7].
different studies [8], [9]. According to our conducted study, this
constant failure rate changes due to any characteristic variation
of the components because of the aging involved with the entire
power converter. Therefore, a proper maintenance program is
required to ensure a safe, efficient, and effective operation of a
system having power converters.
Reactive maintenance is the most dominant type of mainte-
nance program in industry, and in this method, all converters
and drives are allowed to run until they fail. Any replacement/
repair is performed after the failure occurs. This results in the
highest downtime cost and may damage other components in
the system. Other maintenance schemes attempt to predict the
failure of any component and replace/repair the components
before any failure takes place. A relative cost analysis for
different pump maintenance schemes is shown in Fig. 1(b) [5]–
[7], and the reliability-centered maintenance is the most effi-
cient maintenance program, although it requires a sophisticated
prognostics and diagnosis technique.
Power converters are used in a wide variety of applications,
and some applications requires very high reliability such as
commercial and military aircraft, space applications, etc. [10].
Moreover, the relevant cost of failure of a converter can be
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Fig. 2. Survey of different fragile components responsible for converter
failure [19].
higher than 80% of the system cost in some highly integrated
products, which are intended to be maintenance free [11].
Therefore, a safe estimation of reliability of these converters
would be crucial in those cases. However, standards for estimat-
ing the failure rates of power converters are still evolving and
often referred to the military handbook MIL-HDBK-217F [2],
[10], [12]–[16]. Reliability-centered design of power converters
require prior knowledge of failure mode, mechanism, and ef-
fect analysis (FMMEA) of different components, and a guide-
line for reliability-centered design has been provided in [10]
and [17]–[20].
Most of the power converters are being operated in a closed-
loop system in order to maintain expected voltage and currents
at different nodes. The control system also protects the con-
verter from any potential overload or short circuit. Therefore,
the operating condition of a power converter is affected by any
variation in components’ electrical parameters, input/output
loading, and ambient conditions. Any characteristic variation
in one component will simultaneously affect the operating
condition and the corresponding thermal stress. This may ac-
celerate the aging process of that component and the remaining
components of the converter.
It is important to identify the failure-prone components and
corresponding parameters that need to be monitored for design-
ing an effective prognostics and health management (PHM)
scheme of a power converter. Cheng et al. have described the
process of identifying a potential failure precursor of a com-
ponent in terms of FMMEA [20]. Yang has reported a survey
on reliability of power converters and provided statistics on
fragile components used in power converters, as shown in Fig. 2
[11], [23]. Different condition monitoring techniques of power
switches are well explained and compared in [24]. In addition,
monitoring different converter electrical characteristics require
in situ measurement of different parameters such as temper-
ature, vibration, voltage, current, magnetic fields, etc. Pecht
summarized the common sensors and their sensing principles
used in PHM for different systems in [19].
It is widely accepted that power switches and capacitors are
the most failure-prone components in a power converter [11],
[17], [21]–[25]. In this regard, variation in the reliability func-
tion as a function of MOSFET’s ON-state resistance RDS(ON),
capacitance C, and the equivalent series resistance (ESR) of
Fig. 3. Schematic of the closed-loop boost converter.
TABLE I
CIRCUIT PARAMETERS OF THE BOOST CONVERTER
the capacitor in a closed-loop boost converter circuit has been
analyzed in this paper.
A simple boost converter with a feedback control loop in-
tended to maintain only the output voltage (no current control)
has been considered in this paper. The voltage conversion
ratio (CR) of an ideal boost converter operating in continuous
conduction mode (CCM) is related to the duty ratio (d) of the





1− d . (1)
Detail analysis of this well-known topology can be found
in [26] and [27]. A schematic of the boost converter is
shown in Fig. 3, and various circuit parameters are listed in
Table I. Although different control techniques for switched-
mode power converters have been proposed in literature, a sim-
ple proportional–integral (PI) controller has been considered
here to control the output voltage of the converter using duty
ratio control [28]–[34].
It has been shown in [2] that increased MOSFET’s ON-
state resistance of an interleaved boost converter operating in
3988 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 50, NO. 6, NOVEMBER/DECEMBER 2014
an open-loop system increases the reliability of the converter
due to a decrease in output voltage across the capacitor. How-
ever, this analysis cannot be applied to boost converters being
operated in closed loop and therefore needs modifications to
accommodate the closed-loop operation of the converter. To
the best of our knowledge, no analysis has been presented yet
to address the reliability degradation of any closed-loop power
converters.
II. RELIABILITY ESTIMATION OF A BOOST CONVERTER
Reliability estimation of a boost converter based on MIL-
HDBK-217F considering no variation of characteristic param-
eters of components is presented in this section, and all the
equations have been organized for a better presentation.
Considering a constant failure rate λSYSTEM0, reliability of
the system can be calculated as shown in (2) [1], [3] as follows:
Rs(t) = e
−(λSYSTEM×t) (2)
where RS(t) is the probability of having no failure within du-
ration of t. The mean time to failure (MTTF) can be calculated








and the failure rate of an N -channel MOSFET can be written
as (4) [1] as follows:
λSW = λBπTπAπEπQ. (4)
The base failure rate λB has a constant value of 0.012, and
the application factor πA and quality factor πQ are both equal
to 8 for switches rated at 135 W. Environmental factor πE is
considered 9 for equipment installed on wheeled or tracked
vehicles [1]. Temperature factor and junction temperature can
be calculated using (5) as follows:










TJ =Ta + (θJA)PSW (5)
with ambient temperature Ta set to 25 ◦C and junction-to-
ambient thermal resistance θJA is set to 18 ◦C/W for D2PAK
packaging [37]. The total power dissipation (conduction loss
plus switching loss) of the switching device is PSW. Consider-
ing the values stated earlier, the failure rate of the MOSFET can
be calculated using (6)
λSW0 =λBπTπAπEπQ
=0.012× πT × 8× 9.0× 8
=6.912× πT (6)
and considering that the power loss (conduction loss plus
switching loss) in a switch is 1.3532 W, the failure rate of the
MOSFET is calculated as in (7) as follows:













=11.2610 failure/million hours. (7)
Similar analysis can be performed for the inductor, diode,
and capacitor. For the boost converter under consideration, the
failure rate and MTTF of the converter is shown in (8) and (9),
respectively, as follows:
λSYSTEM0














































= 11.2610 + 4.2600 + 0.0283 + 0.9225









= 6.930 years/failure. (9)
III. EFFECT OF VARIATION IN DIFFERENT
COMPONENT PARAMETERS
Variation of the reliability function as a function of any
change in MOSFET’s ON-state resistance RDS(ON), capac-
itance C, and the ESR of the capacitor in a simple boost
converter circuit operated in a closed loop will be analyzed in
this section.
Effect of Any Variation in RDS(ON)
Any increase in RDS(ON) of a MOSFET is the dominant
precursor of failure for a power MOSFET [21], [22], and
variation in RDS(ON) has been well studied in several works
[4], [35], [36]. For a fixed gate-to-source voltage, the RDS(ON)
of the MOSFET depends on the present value of RDS(ON),
temperature, and the power loss in the MOSFET. Any increase
in the value of RDS(ON) will affect the thermal stress on the
switch, increase the junction temperature, change the operating
point of the converter, and decrease the reliability according to
(5), and this corresponding effect is shown in Fig. 4(a).
The failure rate of the MOSFET can be updated as shown in
(10) as follows:
λSW(t) = λSW0 × f1(ΔRDS) (10)
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Fig. 4. (a) Effect of RDS(ON) variation of the MOSFET on the reliability of
the converter. (b) Effect of capacitance C and ESR variations on the reliability
of the converter.
where λSW0 is the failure rate of the MOSFET considering that
there is no change in RDS(ON) over time. Function f1 depends
on the change in MOSFET’s ON-state resistance. In addition,
increased thermal stress changes the gate capacitance of the
MOSFET, which may cause degraded switching performance,
and it may result in higher thermal stress because of the
elevated switching loss. Therefore, reliability of a switch is
highly dependent on the prolonged operation of the converter
and cannot be accurately predicted by assuming a constant rate
of failure.
Change in Capacitance C and ESR
A state diagram for characteristic variation of a capacitor
used in a power converter is shown in Fig. 4(b). Both the base
failure rate and the capacitance have been considered time-
varying in this model. The time-dependent failure rate of the





λCAP(t)=λCAP0×f2×f3=λCAP0 × f4. (11)
πCV0 and λb0 are the capacitance factor and the base failure
rate of the capacitor, considering no variation in capacitance
over time.
Gradual change/degradation in capacitance depends on the
type of capacitor used, and this change is highly dependent on
the ambient temperature. Thermal stress is the dominant factor
for electrolytic capacitor failure, and power loss in other com-
ponents (MOSFET, diode, ESR of the inductor, and ESR of the
capacitor itself) may increase the ambient temperature of the
capacitor. Output voltage ripple increases with any decrease in
capacitance, and it increases the voltage stress in the capacitor
as well. Higher voltage and ripple current stress play significant
roles to increase the ESR, and any increase in ESR results in
higher power loss and ambient temperature rise [38], [39]. f1,
f2, and f3 are the unknown functions and need to be identified.
Let us consider the boost converter shown in Fig. 3. The
following analysis will consider variations in device parame-
ters and define reliability of the converter as a time-varying
function. Therefore, the failure rate of the converter λSYSTEM
and MTTF will no more be a constant and can be expressed as
shown in (12), shown at the bottom of the page.
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Fig. 5. Effect of RDS(ON) variation on the operating condition and reliability of the closed-loop boost converter. (a) Variation in power loss in the MOSFET.
(b) Output voltage. (c) Duty cycle variation. (d) Failure rate of the MOSFET. (e) Converter failure rate. (f) MTTF of the converter as a function of RDS(ON).
Fig. 6. (a) Reliability probability function of a closed-loop boost converter for the variation in RDS(ON). (b) Reliability probability function variation for step
change in RDS(ON).
This approach works for circuits with a limited number of
components, and this is why the reliability analysis of power
converters could be benefited from this method. An initial reli-
ability of a converter can be estimated based on the measurable
quantities such as RDS(ON), ESR, C, and so on, and it can
be updated periodically by measuring those parameters with a
regular interval. Variation of the reliability function with the
variation in RDS(ON), C, and ESR of the closed-loop boost
converter is presented in Section IV.
IV. SAMPLE RELIABILITY MODEL: A TEST CASE
The reliability of the closed-loop boost converter for the
change in MOSFET’s ON-state resistance from 34 to 44 mΩ,
in capacitance variation from 5 to 10 μF, and in ESR variation
from 0.1 to 0.18 Ω will be presented here.
Change in MOSFET ON-State Resistance RDS(ON)
The boost converter shown in Fig. 3 has been simulated in
PSIM, and the results have been imported to MATLAB to cal-
culate the reliability. The feedback controller was implemented
using a simple PI controller with a gain of 0.1, and the time
constant was set to 0.001. Output capacitor’s capacitance and
ESR were set to 10 μF and 0.1 Ω, respectively. RDS(ON) of the
MOSFET was varied from 34 to 44 mΩ. This variation of ON-
state resistance is consistent with the experimental data reported
in [22] (as a result of accelerated thermal aging process of a
MOSFET).
The simulation results are shown in Fig. 5. Fig. 5(a) shows
that power loss in the MOSFET (sum of the switching and
conduction loss) increases with any increase in the ON-state
resistance, and Fig. 5(b) and (c) shows the output voltage and
duty cycle of the converter, respectively. The PI controller
maintains a fixed output voltage by changing the duty ratio to
compensate for any variation in RDS(ON). The failure rate of
the MOSFET increases with any increase in RDS(ON) due to
increased thermal stress and thereby increases the failure rate
of the converter as well. These are shown in Fig. 5(d) and
(e), respectively. It should be noted that increased RDS(ON)
in a closed-loop system do not increase the reliability of the
converter as opposed to the open-loop system discussed in [2].
The MTTF of the converter is reduced by about 2238 h (0.2556
years) for the variation in RDS(ON) from 34 to 44 mΩ, and this
is shown in Fig. 5(f).
Reporting a real-time characteristic variation of a power con-
verter may take years of continuous observation in a controlled
ambient condition, and this is not feasible. Therefore, a test case
is considered here. Assuming a rate of increase in RDS(ON) of
2 mΩ/10 000 h, the results are plotted in Fig. 6. There is about
3.75% variation in reliability after 60 000 h of operations or
2238-h variation in MTTF if the variation in MOSFET’s ON-
state resistance is taken into account.
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Fig. 7. (a) Converter failure rate versus output capacitance C. (b) MTTF of
the converter versus output capacitance C.
Change in Capacitance (C)
The effect of capacitance variation on the reliability and the
MTTF of the converter is discussed in this section. The output
capacitance of the converter was varied from 10 to 5 μF in steps
of 1 μF. RDS(ON) and ESR were set to 34 mΩ and 0.1 Ω,
respectively. The failure of an aluminum electrolytic capacitor
is shown in (13) as follows:
λCAP0=λb0πCV0πEπQ















πCV0= capacitance factor=0.32(CμF)0.19. (13)
Here, λb is the base failure rate and is a function of ripple
voltage across the capacitor. SCAP is ratio of the operating
voltage to the rated voltage, and rated voltage is defined as the
sum of applied average dc voltage and peak ac voltage. T is the
ambient temperature. πCV is the capacitance factor and depends
on the capacitance of the capacitor.
Starting from 10 μF, decreasing capacitance increases volt-
age ripple across the capacitor and thereby increases the base
failure rate. However, the capacitance factor decreases with
any decrease in capacitance. Therefore, the failure rate of
the converter decreases with any reduction in capacitance and
starts to increase when the base failure rate becomes dominant
over the capacitance factor. The failure rate and the MTTF
of the converter versus output capacitance is shown in Fig. 7.
The MTTF of the converter is reduced by about 330 h for the
variation in C from 10 to 5 μF. However, any variation in
the output capacitance does not have any significant effect on
the failure rates of other components of the converter.
Fig. 8. (a) Converter failure rate versus ESR andC. (b) MTTF of the converter
versus ESR.
Change in ESR of the Output Capacitor
The effect of capacitor’s ESR on the reliability and MTTF
of the converter is discussed in this section. The ESR of the
output capacitor was varied from 0.1 to 0.2 Ω in steps of 0.02 Ω.
RDS(ON) and C were set to 34 mΩ and 10 μF, respectively.
Similar to RDS(ON) variation, the failure rate of the converter
increases with any increase in the ESR. However, the failure
rate of the converter is less sensitive to the ESR compared with
RDS(ON). The failure rate and MTTF of the converter versus
ESR is shown in Fig. 8. The MTTF of the converter is reduced
by approximately 140 h for the variation in the ESR ranging
from 0.1 to 0.2 Ω.
V. EXPERIMENTAL ANALYSIS
This section presents an experimental analysis to study the
operation of a boost converter with open-loop control and
closed-loop control from the reliability perspective. An off-the-
shelf boost converter shown in Fig. 9(a) has been used for this
purpose [40]. This converter has a 1000-μF capacitor connected
at the output and a MOSFET (STB75NF75) with RDS(ON)
equal to 8.41 mΩ measured at gate voltage and drain current
equal to 12 V and 4 A, respectively. The control circuit of
the converter was disconnected, and an external gate signal
has been provided on purpose. Three different test cases of
the converter’s operation have been studied, as discussed in the
following.
Test Case 1—Operation With the New Converter
The boost converter was operated at switching frequency
of 100 kHz, and the input voltage was fixed to 15 V. The
output was connected to a dc electronic load with fixed load
resistance equal to 6 Ω. The boost converter was operating in
CCM, and a screenshot of the output voltage, voltage across the
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Fig. 9. (a) Boost converter. (b) Oscilloscope capture of gate signal, voltage
across the inductor, and the output voltage. (c) Thermal image of the boost
converter.
inductor, and the gate signal generated by the arbitrary signal
generator (GW INSTEK AFG-2125) is shown in Fig. 9(b). The
output voltage of the converter was 19.02 V with a duty ratio
equal to 23.4%. The thermal image of the converter was taken
using a FLIR T420 infrared camera and is shown in Fig. 9(c).
Details of other experimental parameters have been listed
in Table II.
TABLE II
DIFFERENT PARAMETERS OF THE EXPERIMENTAL TESTS
WITH THE COMMERCIAL BOOST CONVERTER
Test Case 2—Operation With MOSFET of Higher RDS(ON)
and Open-Loop Control
In order to demonstrate the impact of higher RDS(ON), the
MOSFET of the converter has been replaced by IRFZ34 with
RDS(ON) equal to 25.45 mΩ measured at gate voltage and drain
current equal to 12 V and 4 A, respectively. The output voltage
of the converter dropped to 18.68 V for the same input voltage,
duty ratio, and output load resistance, as described in test case 1.
This operation is similar to open-loop control where the duty
cycle is not changed with the variation of the output voltage of
the converter since input voltage is fixed to 15 V.
Test Case 3—Operation With MOSFET of Higher RDS(ON)
and Closed-Loop Control
The duty cycle of the converter was increased to 24.7% to
achieve 19.02 V at the output, and it resembles the operation of
the boost converter in closed loop.
During all the test cases, the ambient temperature was fixed
to 25 ◦C in the laboratory setup, and no forced cooling has been
provided. The output voltage ripple was ∼75 mV.
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TABLE III
SYSTEM FAILURE RATE FOR CHARACTERISTICS VARIATION OF
RDS(ON), C, AND ESR
Test case 1 has been performed to get a reference for open-
loop control and closed-loop control with increased RDS(ON).
The output voltage drops with an increase in RDS(ON) during
test case 2. Since the ambient temperature T in (13) was fixed
to 25 ◦C, decreased voltage stress across the output capacitor
will result in smaller failure rate λCAP0. Moreover, the power
loss in the MOSFET was decreased due to smaller input current
(4.15 A) compared with 4.28 A in test case 1. The case
temperature of the MOSFET was decreased from 44.6 ◦C to
40.4 ◦C. Therefore, these observations agree with the fact that
increased ON-state resistance of the MOSFET in an open-loop
boost converter will increase the reliability of the entire power
converter since the MOSFET and the capacitor are the most
failure-prone components here [2].
It is shown in Section IV that increased RDS(ON) results
in higher duty ratio d and, consequently, higher power loss in
the MOSFET in closed-loop operation of the converter. Similar
results have been observed in test case 3 as the duty ratio
increased from 23.4% (test case 1) to 24.7% to maintain the
output voltage fixed to 19.02 V. An increased duty ratio has
resulted in higher power loss across the MOSFET (case tem-
perature increased from 44.6 ◦C to 45.3 ◦C). Moreover, there is
no change in the failure rate of the output capacitor since the
voltage stress and the ambient temperature were same in both
test cases 1 and 3. Therefore, it can be concluded that increased
RDS(ON) of the MOSFET in a closed-loop boost converter will
not increase the reliability of the entire power converter.
VI. CONCLUSION AND FUTURE WORK
Reliability degradation of a boost converter being operated
in closed loop has been presented in this paper. Components
used in this converter exhibit parameter variations due to aging
of the entire converter. Therefore, the effect of any variation in
MOSFET ON-state resistance RDS(ON), capacitance C, and
ESR of the output capacitor on the reliability of the power
converter have been analyzed, and a summary is presented in
Table III. The MTTF of the closed-loop converter decreases
with the gradual increase in both RDS(ON) and ESR. However,
any variation in RDS(ON) significantly impacts the reliability of
the entire converter compared with Cand ESR. In addition, the
reliability of the converter varies in a more complex manner
while it is expressed as a function of the capacitance C.
However, the impact of any variation associated to one com-
ponent on the remaining components has been studied as well.
We believe that this technique could be applied to many other
high-power converters where predicting the failure rate and
reliability is critical. Implementation of a complete prognostics
and health monitoring system with appropriate in situ measure-
ments will be addressed in future.
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